In all eukaryotic cells, and particularly in neurons, Ca 2؉ ions are important second messengers in a variety of cellular signaling pathways. In the retina, Ca 
Calmodulin (CaM) is a Ca 2ϩ sensor (1), highly conserved and widely distributed in all members of the animal and plant kingdoms, fungi, and protozoa, that synchronize cellular responses to cell activation, resulting from an elevation of [Ca 2ϩ ] (2-6). Numerous cellular responses are possible as a consequence of the unique structure of CaM with two globular domains, each containing a pair of EF-hand motifs connected by a central helix, and the mode of the target protein recognition (3, (7) (8) (9) (10) . Upon Ca 2ϩ binding, subtle openings of the interfaces between ␣-helices within these domains, revealing hydrophobic binding sites, allows CaM to associate with a wide range of targets (11) . The association of the C-terminal domain followed by the N-terminal domain with the effector proteins causes the central helix to unwind in order to position these two domains optimally for recognition of the target enzymes (12) . Ikura and colleagues suggested that the principal differences in the CaM interaction with various peptides are related to the N-terminal domain, which displays structural differences in the EF-hand helix orientations, while the C-terminal domain is unchanged (13) [see also (14, 15) ]. Presumably, these less geometrically restricted hydrophobic interactions and conformational plasticity allow CaM to interact with proteins that share very little sequence homology. Three Ca 2ϩ /CaM binding motifs were identified based on the positions of conserved hydrophobic residues in the target peptide.
A less appreciated observation is that CaM can also have a dual function in Ca 2ϩ -bound and Ca 2ϩ -free (apoCaM) forms. For example, apo-CaM activates the ryanodine receptor and Ca 2ϩ -CaM inhibits Ca 2ϩ release from sarcoplasmic reticulum through these channels (16) . Other examples include association of apo-CaM with cGMP-dependent protein kinase, adenylate cyclase, neuromodulin (17) and more recently discovered interaction with P/Q-, L-, and R-type voltage-gated Ca 2ϩ channels (18) . Preassociation of apo-Ca 2ϩ -binding proteins with the target proteins has an important implication for the kinetics of the activation process and a spatial resolution to changes in [Ca 2ϩ ]. However, there are a number of cases where analysis of the CaM function as studied in vivo and in vitro is in disagreements. For example, Ca 2ϩ -regulation of cone photoreceptor cGMP-gated channels was investigated in membrane patches detached from the outer segments of single cones. The activity of the endogenous modulator, presumably CaM-like protein, is not well mimicked by exogenously added CaM (19) . Several explanations could be offered; including some additional regulatory elements present in the cell, post-translational modifications playing a role in vivo that are absent in vitro, or that CaM-like proteins, rather than CaM, are regulators of the channel activity.
In this report, we will present an account of general features of Ca 2ϩ signaling in the retina, and molecular characterization of Ca 2ϩ -binding proteins, termed calcium-binding proteins (CaBPs), with high structural and functional similarities to CaM. Many original contributions are cited; however, several are referenced through other specialized and more extensive reviews.
RETINA AND Ca 2ϩ SIGNALING
The vertebrate retina (cross section shown in Fig. 1 ) is an attractive model system for understanding how signal transduction operates, in particular G-proteincoupled receptor systems. What are the mechanisms of molecular recognition for proteins participating in G-protein-coupled receptor signal transduction? How do individual neurons communicate? How do they participate in physiological responses of the tissue, how is the neuronal network organized, and how do neurons differentiate? The successes leading to our increased understanding of these processes are consequences of many technical breakthroughs. In addition, highly organized layered tissues (Fig. 1A) , a simple stimulus, namely light, and the importance of this particular sensory system to our well-being further facilitated interest in these processes. A number of these processes have been shown to be strictly controlled by Ca 2ϩ and Ca 2ϩ -binding proteins (20 -22) . Research over the past few years has lead to the discovery of Ca 2ϩ -binding proteins related to the CaM superfamily, termed guanylate cyclase-activating proteins (GCAPs), that are critically involved in the regulation of photoreceptor guanylate cyclases (GC) [reviewed in (23)] This regulation is responsible for modulating the sensitivity of photoreceptor cells and extending their operation through a broad range of light intensities. Two proteins that share only ϳ50% homology were discovered initially, GCAP1 and GCAP2 (23) . More recently, we reported the presence of a new cone photoreceptor-specific GCAP, termed GCAP3 (24, 25) , which displays 57% similarity with GCAP1 and 49% with GCAP2. All recombinant GCAPs stimulate GC1 and/or GC2 in low [Ca 2ϩ ] free and inhibit GCs when [Ca 2ϩ ] free is elevated (26) . The inhibition of GC by Ca 2ϩ -GCAPs may not be relevant physiologically, because the basal production of cGMP is unal- tered in the absence of GCAPs, as demonstrated in GCAP1/GCAP2 knockout mice (27) . Nevertheless, the preassociation of GCAP1 to GCs, in all physiological [Ca 2ϩ ], may be essential for rapid changes in the GC activity exerted by this protein (28) . In addition to GCAPs, another GCAP-like protein has been cloned from amphibian cone photoreceptors, which does not stimulate GC in low [Ca 2ϩ ], but inhibits GC in high [Ca 2ϩ ], and therefore was termed GC-inhibitory protein (GCIP) (29) . Sequence analysis indicates that the first and fourth EF-hand Ca 2ϩ -binding motifs of GCIP are disabled for Ca 2ϩ binding, while GCAPs have only the EF1-hand inactivated. GCIP properties indicate that this protein could inhibit GC at high free [Ca 2ϩ ], competing with GCAP1 and GCAP2 for GC regulatory sites.
Gene mutations of GCAP1 shed light on the function of this protein. In the original study, Payne et al. reported a mutation (Y99C) in the GCAP1 gene, in a family with autosomal dominant cone dystrophy (30) . All affected individuals showed a single base pair missense mutation (A to G) at codon 99 in exon 2 of this gene, generating a Tyr-to-Cys change in the GCAP1 protein. The Ca 2ϩ sensitivity of the mutant GCAP1 was significantly altered, causing reduced but persistent stimulation of GC1 under physiological dark conditions (74) is shown as a pink sphere and oxygen atoms of the EF-hand loop involved in the Ca 2ϩ coordination are numbered and shown in red. Side-chain carbonyl oxygen atoms from residues 1, 3, and 5 provide direct coordination, position 7 coordinates via its backbone carbonyl and in position 12, two oxygen atoms of the Glu side chain, and less often Asp, are involved in the coordination (75, 76) . In position 9 (not shown) a frequent H 2 O molecule is bridging the side chain residue to coordinate Ca 2ϩ . In addition to ubiquitous occurrence, the prominent role of Ca 2ϩ in the biological system results from its chemical nature. Ca 2ϩ is one of the largest 2ϩ ions, ϳ120 pm, allowing a larger coordination number and less restricted geometry (typically hydrated by 6 -10 H 2 O molecules), but with a weaker binding, and faster ligand exchange (with water exchange rates ϳ7 ϫ 10 8 s Ϫ1 ) than typically preferred six-coordination, in an octahedral structure, of other divalent metal ions. These properties allow for Ͼ500 unique sequences to evolve that constitute the loop region of the EF-hand motif. The structure of the loop is reinforced by two precisely oriented in relation to each other helices on the ends. EF-hand motif differs from the ␤-strand domain called C2 domain, where the binding loops are positioned by the ␤-strand structure, and Ca 2ϩ is further stabilized by phospholipids. (B) EF-hand motifs of CaM (the coordinates are from 1CLL.pdb). (C) Schematics of the domain organization of CaM, GCAPs, recoverin, CaBP1-5, and CaBP7-8. EF-hand motifs (numbered below) are shown as a functional (gray square) and nonfunctional (white square). Myristoylation sites are represented by orange (invariant) or yellow (frequent) circles.
(constitutive activity) (31, 32) . These results are consistent with a model in which enhanced GC activity in dark-adapted cones leads to elevated levels of cytoplasmic cGMP. It remains an open question why the rods are unaffected, despite the fact that GCAP1 is also expressed in these cells (33) . Other mutations in GCAP1 and GC1 were recently identified and the consequences of these alterations on enzymatic properties of GCAP1-GC1 were explained on the molecular level. No disease causing mutations were identified for GC2 or GCAP2.
The functions of other neuronal Ca 2ϩ -binding proteins (NCBPs) have been assigned, including frequenin in regulation of phosphatidylinositol-4-OH kinase (34), NCS I-like domain is required in activation of diacylglycerol kinase ␣ (35), the GCAP homolog termed VILIP1 in modulation of adenylate cyclase (36, 37) , and DREAM protein (or KChP3) in interaction with presenilins (38) , modulation of A-type potassium channels (39) , and as a Ca 2ϩ -regulated transcription repressor (40, 41) . The structure of NCBP has been determined for recoverin (42) , neurocalcin (43), GCAP2 (42) , and frequenin (44, 45) , and they are very similar in the general protein fold. The main difference in the structure between NCBP and CaM is related to the conformation of the central helix (23) . For other characteristic features of NCBP consult with recent reviews (21, 23, 26, 46) . Ca 2ϩ -dependent processes in the other cells of the retina are also on the forefront of neuroscience research. For example, a combination of electrophysiological measurements and imaging techniques unravel the sites of Ca 2ϩ current in rod and cone bipolar cells (47) (48) (49) , Ca 2ϩ signaling in glia cells (50, 51) , and a correlated neural activity in the form of spontaneous waves of action potentials in ganglion cells during retina development (52, 53) .
NCBPs
The EF-hand motif, the protein element that is responsible for high affinity Ca 2ϩ binding, is composed of two structural ␣-helices connected by a coordinating loop region of 12-to 14-amino-acid-long ( Fig. 2A) . This motif is repeated four times in CaM, forming the N-terminal and C-terminal pairs (Figs. 2B and 2C) . The Ca 2ϩ -C-terminal domain has a higher affinity for the target sequence and its binding occurs before association of the Ca 2ϩ -N-terminal domain (54) . GCAPs and the homologous proteins, the recoverins (21) are built on a similar topology with slightly longer C-and N-terminal regions, compared to CaM and with N-terminal [M-2 G-(N,K,Q, D)-] consensus sequence for acylation (heterogeneous in the retina) with fatty acid modification at 2 Gly. They also differ by changes in the sequence of the Ca 2ϩ -loop that will not allow Ca 2ϩ coordination, although these structural EF-hand motifs are preserved (23) 
For in-depth analyses of the function and structure of GCAPs refer to previous reviews (21, 23, 26, 55) . Intriguingly, Dizhoor and colleagues speculated that instead of binding Ca 2ϩ , the EF hand 1 of GCAP2 is required for association with photoreceptor GC (56) . Similarly, replacement of the N-terminal region including EF1 of GCIP with the corresponding region of GCAP1 converted this inhibitor to an activator of GCs (57) . Of course, EF-hand 1 motif is only part of a larger interface between GCAPs and GC (58), however, the specificity and pre-association in all [Ca 2ϩ ] could be further enhanced by disabling one or more EF-hand motifs. Therefore, the question arises; is it possible that instead of using CaM in all processes, the CaM structure further diversified, by gene duplication and adaptive driven mutations, to accommodate increasing demands for various regulation of Ca 2ϩ -dependent processes?
CaBPs
Seidenbecher et al. (59) described a new neuronspecific Ca 2ϩ -binding protein, which displays ϳ70% similarity with CaM within two C-terminal EF-hand motifs and high expression levels in the cerebral cortex, hippocampus, and cerebellum. This protein, named caldendrin, is an uncommon member of the CaM superfamily, possessing a predicted molecular mass of 33 kDa. Yamaguchi and colleagues (60) reported the cloning of a 70-amino-acid-long form of caldendrin, termed calbrain, containing only two putative EF-hand motifs. Haeseleer and others (61) reported characterization of five novel neuronal Ca 2ϩ -binding proteins: CaBP1 to CaBP5 structurally related to CaM. These proteins display a new combination of functional EF-hand motifs and myristoylation (Fig. 2C) . Further analysis of the genomic sequences revealed that caldendrin contains a different N-terminus as a result of alternative splicing of the CaBP1 gene, and that calbrain represents only a partial sequence of larger CaBP1. Retinaspecific CaBP2 is expressed at low levels and is likely to be myristoylated. CaBP3 has an identical C-terminal segment, compared with CaBP5, but contains only functional EF-hand 3 and 4 motifs and the transcript is partially encoded by the reverse and complementary DNA strand of the CaBP5 gene and it is most likely a pseudogene. In general there are not only similarities in the amino acid sequence (Fig. 3) , with the topology of EF-hand motifs, but the gene organization is also similar among CaBPs and CaM (61) .
The more recently discovered CaBP7 shares ϳ70% homology with CaBP8 and ϳ50% homology with CaM. The N-terminal domain encoded by exon 1, absent in CaM, is variable in amino acid sequence and in size among CaBPs. Human CaBP7 is 100% identical on the amino acid level to their mouse orthologs. CaBP7-8 appears to be unmodified by N-terminal myristoylation (Fig. 3) . Characterization of these evolutionary conserved proteins among vertebrates is in progress (Haeseleer et al., unpublished).
2 Genes encoding CaBPs are not clustered like genes encoding S100 proteins (62), but instead they are distributed on many chromosomes. A cDNA encoding a product identical to CaBP8 has been recently cloned and the protein called calneuron (63) . Therefore, together, these studies reveal a much larger variety of genes encoding CaM-like proteins than previously anticipated, suggesting further diversification of CaM-like proteins.
The N-terminal domain of CaBPs is poorly conserved compared to the C-terminal domain that covers the Ca 2ϩ -binding domains. The N-terminus might have a role in targeting the protein to subcellular compartments. In fact, an alternatively spliced exon of about 60 amino acids exists between exon 1 and exon 2 of CaBP1 and CaBP2. The short form of CaBP1 in which this exon is spliced out localizes at or near the plasma membrane. The long form of CaBP1 retaining this exon is associated with intracellular structures (61) . The presence of multiple splice variants could be an important mechanism for targeting the effector proteins to different cellular compartments. Another feature shared by CaBP1 and CaBP2 is the presence of a putative myristoylation site on the Gly adjacent to the N-terminal Met. Myristoylation of proteins enables them to reversibly associate with the cell membrane and can be essential to their function. All CaBPs, with the exception of longer splice versions, are soluble, acidic proteins (pK a 4.4 and 5.2, versus 3.9 for CaM), 173-275 amino acids in length (versus 149 for CaM), and contain a higher percentage of Gly, Pro, and Arg residues than CaM.
CaBPs AND CaM: DIFFERENT COMBINATION OF FUNCTIONAL EF-HANDS
As with GCAPs and recoverins, CaBPs have a combination of functional EF-hand motifs that is different from CaM (Fig. 2) . CaBP1-5 has a nonfunctional EFhand 2 either by replacing fifth O-containing Ca 2ϩ -coordinating residue by Gly (CaBP1), a deletion of three residues from this loop (CaBP2), or an introduction of positively charged residues Lys or Arg in invariant Asp/Asn residues in positions 1 and 3 of the loop (CaBP5 and CaBP4) (Fig. 4) . The EF-hand 3 and EFhand 4 are nonfunctional in CaBP7 and CaBP8 as a consequence of a three amino acid deletion and lack of invariant Glu 12 /Asp 12 residues plus other alterations (Fig. 4) , respectively. This interpretation needs to be considered with caution; it is possible that in some cases, when CaBPs are associated with the target proteins, these "nonfunctional" motifs may bind Ca 2ϩ . Interestingly, the central helix of CaBPs appears to be extended by one ␣-helical turn, compared to CaM, and it is still longer by one amino acid compared to the corresponding helix in troponin C (Fig. 4) . The structural model of CaBP5 is shown in Fig. 5 , depicting putative general organization of CaBPs and the charge distribution, although the experimentally determined structures of CaBPs have not been reported. This model presumably can be relevant to CaBP1-5. Negative charges are highly concentrated along EF-hand 3 and 4, while EF-hand 2 (nonfunctional EF-hand motif) is positively charged. This is a major difference from CaM, in addition to an extended central helix. These structural features could be responsible for targeting CaBPs to different effector molecules, or modifying responses of the target proteins, compared to the modulation by CaM. The C-termini of CaBPs are highly homologous to the corresponding region in CaM, while the N-termini are longer and have more variation, including the occasional myristoylation sites, or alternative exon insert.
An extensive accumulation of functional and structural information on CaM may help in understating the role and function of CaBPs. As mentioned earlier, Ca 2ϩ binding to CaM appears to be stepwise, first to the EF-hand 3 and 4 motifs and then to the EF-hand 1 and 2 motifs. When EF-hand 2 was disabled by mutation, a decrease in the apparent affinity for the partner site of EF-hand 1 has been observed with little or no effect on the high Ca 2ϩ affinity to C-terminal domain (64) . This disabling mutation in the EF-hand 2 motif not only had an effect on the EF-hand 1-binding site but also accelerated the release of Ca 2ϩ from EF-hand 3 and 4 sites (65). This mutant also has decreased affinities for smooth and skeletal muscle myosin light chain kinases, adenylyl cyclase, and plasma membrane Ca 2ϩ -ATPase (66) . The extended 32-amino-acid-long flexible tether (central ␣-helical segment) of CaBPs, versus 28 amino acids long in CaM, and the specific change distribution in C-terminal domain could be critical in the interaction with the target proteins or in modifying the rate of association and dissociation with the target protein. For CaM, this linker serves a crucial role, allowing the N-and C-terminal domains to swing around and completely enclose the target peptide from the effector molecule. The sequential binding of highly homologous with CaM C-terminal domains, first, with further binding of N-terminal domains could enhance the kinetics of the process or conversely, it could render Ca 2ϩ dependent dissociation, tethering CaBP to the effector molecules in all [Ca 2ϩ ]. It is possible that in contrast with CaM, which binds its targets extremely tightly with a K d up to 10 Ϫ11 M, these extra 4 amino acids in the CaBPs central helix may weaken the interaction with the target enzyme/protein, providing ki-netic advantage over the strength of the interaction with the target molecule.
HUNT FOR POTENTIAL TARGETS OF CaBPs
The potential targets of CaBPs is still a work in progress (13, 61, 67, 68) . In initial studies, we have demonstrated that CaBP can partially replace CaM in the modulation of enzymatic activities such as a protein phosphatase calcineurin, CaM kinase II, and inhibition of G-protein-coupled receptor kinases (GRKs) with different specificities. Further studies on the colocalization of CaBPs and target proteins (example of in situ hybridization is shown in Fig. 1 ) will be needed to determine whether such interactions occur in vivo.
Recently, in whole-cell patch clamp recordings of experimental cells expressing CaBP1 and Ca v 2.1 channel subunits, CaBP1 significantly enhanced inactivation of Ca v 2.1 Ca 2ϩ currents, causing a depolarizing shift in the voltage-dependence of activation, and prevented Ca 2ϩ -dependent facilitation of Ca v 2.1. Unlike the Ca 2ϩ -dependent modulation of the P/Q channel by CaM (69 -72) , these inhibitory effects of CaBP1 are Ca 2ϩ -independent. Colocalization of CaBP1 and Ca v 2.1 in neuronal cell bodies and nerve terminals suggest that these interactions are physiologically relevant. These results suggest a novel Ca 2ϩ -independent inhibition of Ca v 2.1 mediated by a direct interaction with CaBP1 that may be physiologically relevant in controlling synaptic output through the negative regulation of presynaptic
FIG. 3.
A phylogenetic tree calculated from the amino acid sequences of CaBPs and NCBPs. This tree was constructed from the aligned sequences using the ClustalW program. The CaM homologous region was selected to calculate evolutionary distance. Evolutionary distances (k) of the sequences were estimated based on Dayhoff 's PAM matrix (77) by Protdist of PHYLIP (version 3.573). Bar (k ϭ 0.1) indicates expected 10% replacement of an amino acid per site. The phylogenetic tree was constructed by the neighbor-joining method using the Neighbor program of PHYLIP (version 3.573). Bootstrap resamplings were executed by Seqboot program of PHYLIP (version 3.573). Numbers indicate clustering percentage obtained from 1000 bootstrap resamplings. Accession numbers are as follows: hGCAP1 (11417667), hGCAP2 (8928106), hGCAP3 (6226818), hCaBP1 (AAF25783), mCaBP1 (AAF25786), hCaBP2 (Q9NPB3), mCaBP2 (AAF25791), hCaBP5 (Q9NP86), mCaBP5 (Q9JLK3), recoverin (AAH01720), visinin (P22728), VILIP1: human visinin-like protein 1 (P42323), VILIP2: rat visinin-like protein 2 (JH0815), VILIP3: human visinin-like protein 3 (P37235), NCS-1: rat neuronal calcium sensor 1 (P36610), neurocalcin (AAK34951), hippocalcin (XP_03622), CaM-like protein (Q9NZT1), and CaM (A31920). Other members of the NCBP subfamily such as GCIP (AF047884), KChIP1 (AF199597), KChIP2 (AF199598), and KChIP3 (AF199599) are not include in the phylogenetic tree. Ca 2ϩ influx. Interestingly, N-type Ca 2ϩ channels could be regulated by a member of the NCBP family, frequenin, as recently speculated (73) .
Since most of the immunoreactivity is detectable in cytoskeletal preparations with a further enrichment in the synapse-associated cytomatrix, the proposed functional role for insoluble CaBP1 splice form, caldendrin, was envisioned in the dendritic tree of terminally differentiated neurons (59) . CaBP1 is expressed in the neuronal retina (61), CaBP5 in rod and cone bipolar cells (61) , and CaBP2 is present in selected bipolar cells (Imanishi, unpublished) . 
CONCLUSIONS
We describe Ca 2ϩ -binding proteins in the retina and the processes in which they are involved. The identification and characterization of a novel neuron-specific subfamily of Ca 2ϩ -binding proteins with similarities to CaM provide outstanding examples of Ca 2ϩ signaling and contribute to elucidation of critical regulation of the signal transduction pathways, most notably G-protein-coupled receptor signaling. GCAPs-GCs regulation is one of several exemplary feedback mechanisms deciphered in neurobiology. The more recent discovery of novel retinal and CNS expressed CaBPs with a high similarity to CaM is not as well advanced and needs further focus of investigation. Seven related genes and several splice variants comprise the newest subfamily of Ca 2ϩ -binding proteins from the CaM superfamily. Their membrane localization and properties similar, although modified, to those of CaM suggest that some of the CaM regulatory processes observed in vitro could be carried out instead by CaBPs in vivo. The highly conserved primary and structural properties of CaBPs and CaM suggest the necessity for preserving the contact sites with the effector molecule. Further biochemical, genetic, and structural advancements will shed light on the role of these proteins in the retina and elsewhere. Much would be gained from studies of the vertebrate retina, where a combination of molecular techniques can be brought to bear on this interesting problem.
